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A SMALL BALLISTIC RANGE FOR IMPACT METAMORPHISM S T U D I E S ~  
F r i e d e r i c h  Hbrz 
Ames Research C e n t e r  
SUMMARY 
Thi s  pape r  d e s c r i b e s  t h e  d e s i g n  and o p e r a t i o n  o f  a b a l l i s t i c  r ange  
capab le  o f  shock l o a d i n g  r o c k s  and m i n e r a l s  t o  p r e c i s e l y  known p r e s s u r e s ,  
The p r o j e c t i l e  i s  a c c e l e r a t e d  by c o n v e n t i o n a l  gunpowder and launched i n  
a 20-mm gun b a r r e l .  A system o f  H e / N e  lasers and pho tod iodes  i n  combinat ion 
w i t h  t h r e e  X-ray f l a s h  t u b e s  p e r m i t s  a c c u r a t e  t i m i n g .  The r e sponse  time o f  
t h i s  system is less t h a n  sec.  X-ray shadow photographs are superimposed 
on a p r e c i s e  f i d u c i a l  g r i d ,  which mon i to r s  p o s s i b l e  p r o j e c t i l e  t i l t .  The 
maximum v e l o c i t i e s  o b t a i n e d  t o  d a t e  a r e  3 . 2  k m / s e c .  
The maximum p r e s s u r e s  a c h i e v a b l e  i n  v a r i o u s  g e o l o g i c a l  materials range 
from 250-500 kb, depending on t h e  r e s p e c t i v e  d e n s i t i e s  o f  t h e  t a r g e t  and t h e  
p r o j e c t i l e .  These p r e s s u r e s  cover  a wide range o f  s o l i d  s t a t e  r e a c t i o n s  t h a t  
a r e  of  s p e c i a l  i n t e r e s t  f o r  t h e  s t u d y  o f  impact metamorphism, as i l l u s t r a t e d  
by some r e s u l t s  o b t a i n e d  from t h e  s t u d y  o f  shock-loaded s i n g l e  c r y s t a l s  o f  
q u a r t z  . 
Cleavage i n  q u a r t z  i s  produced by shock p r e s s u r e s  as low as 50 kb and 
develops p redominan t ly  on c r y s t a l l o g r a p h i c  p l a n e s  w i t h  h igh  r e s o l v e d  s h e a r  
s t ress .  P l a n a r  f e a t u r e s  deve lop  a t  p r e s s u r e s  above 100 kb and c l u s t e r  n e a r  
{ 1073) r e g a r d l e s s  o f  impact d i r e c t i o n ;  a t  p r e s s u r e s  above 160 kb,  t h e y  deve lop  
s t r o n g l y  on (1072) .  K e f r a c t i v e  index measurements i n d i c a t e  t h a t  t h e  breakdown 
o f  t h e  q u a r t z  l a t t i c e  t o  an amorphous s t a t e  o c c u r s  g r a d u a l l y  o v e r  a p r e s s u r e  
r ange  from about  200 t o  300 kb. Above 300 kb t h e  breakdown o f  t h e  q u a r t z  
l a t t i c e  is  e s s e n t i a l l y  complete .  
INTRODUCTION 
Recent i n t e r e s t  i n  t h e  morphology and o r i g i n  o f  t h e  l u n a r  s u r f a c e  fea-  
t u r e s  h a s  s t i m u l a t e d  d e t a i l e d  i n v e s t i g a t i o n s  of t e r r e s t r i a l  m e t e o r i t e  c r a t e r s ,  
t h u s  c r e a t i n g  an i m p o r t a n t  new f i e l d  i n  geology.  Problems i n  connec t ion  w i t h  
t h e  i d e n t i f i c a t i o n  o f  t e r r e s t r i a l  impact craters  i n  v a r i o u s  s t a g e s  o f  e r o s i o n  
a r e  complex and i n v o l v e  s t r u c t u r a l  f i e ldwork  as w e l l  as d e t a i l e d  m i n e r a l o g i c  
and p e t r o g r a p h i c  s t u d i e s .  Because t h e  s t r u c t u r a l  ev idence  o b t a i n e d  by f i e l d  
s t u d i e s  is  s u b j e c t  t o  v a r i o u s  i n t e r p r e t a t i o n s ,  t h e  most widely a c c e p t e d  
c r i t e r i o n  o f  an impact o r i g i n  i s  t h e  p r e s e n c e  o f  unique mic rode fo rma t ions  and 
h i g h  p r e s s u r e  forms o f  component mine ra l  g r a i n s ,  b o t h  of  which are unknown 
from any o t h e r  t e r r e s t r i a l  g e o l o g i c  e v e n t s .  
Counci l -Nat ional  Academy o f  S c i e n c e s  P o s t d o c t o r a l  Research A s s o c i a t e .  
.~ 
'The a u t h o r  performed t h i s  work w h i l e  on t e n u r e  as a Na t iona l  Research 
L 
While t h e  h i g h  p r e s s u r e  polymorphs r e q u i r e  h i g h  peak p r e s s u r e s  f o r  t h e i r  1 
fo rma t ion ,  o n l y  t h e  microdeformations appea r  t o  o c c u r  e x c l u s i v e l y  under v e r y  
high dynamic stress and s t r a i n  r a t e s ,  which presumably are produced by t h e  
pas sage  o f  a shock wave g e n e r a t e d  by an impac t ing  m e t e o r i t e .  
g i v i n g  r i s e  t o  t h e s e  p r o d u c t s  has  been termed "shock metamorphism." Var ious  
p e t r o l o g i s t s  have e s t a b l i s h e d  an empirical sequence  o f  i n c r e a s i n g  shock 
damage i n t e n s i t y ,  termed " s t a g e s  o f  i n c r e a s i n g  shock metamorphism," b u t  t h e y  
could r e l a t e  t h e s e  s t a g e s  on ly  approx ima te ly  t o  peak p r e s s u r e s  and 
t empera tu res  ( r e f s .  1 through 11). 
The p r o c e s s  
b 
I t  i s  p o s s i b l e  t o  s i m u l a t e  t h e  n a t u r a l  impact c o n d i t i o n s  i n  t h e  
l a b o r a t o r y  by making use  o f  methods developed i n  t h e  s t u d y  o f  ve ry  h i g h  p r e s -  
s u r e  p h y s i c s  ( r e f s .  12  through 1 7 ) .  Rocks and s i n g l e  c r y s t a l s  can b e  shock 
loaded t o  p r e c i s e l y  known peak p r e s s u r e s ,  and t h e  p r o d u c t s  of  c o n t r o l l e d  
experiments  can be  c o r r e l a t e d  wi th  t h e  p r e s s u r e - t e m p e r a t u r e  h i s t o r y  o f  t h e  
r ecove red  samples .  The i n f o r m a t i o n  t h u s  g a i n e d  p e r m i t s  a more q u a n t i t a t i v e  
p e t r o l o g i c a l  i n t e r p r e t a t i o n  o f  n a t u r a l l y  shocked mater ia ls .  
I 
Various t e c h n i q u e s  are a v a i l a b l e  f o r  t h e  shock load ing  o f  s o l i d s .  A l l  
t h e s e  t e c h n i q u e s  i n v o l v e  a c c e l e r a t i n g  a " d r i v e r "  p l a t e  a g a i n s t  a " t a r g e t "  
p l a t e  a t  v e r y  h i g h  v e l o c i t i e s ,  t h u s  producing a shock wave i n  t h e  t e s t  mate- 
r i a l .  The t e c h n i q u e  used  a t  Ames Research C e n t e r ,  and d e s c r i b e d  i n  t h i s  
r e p o r t ,  employs a c o n v e n t i o n a l  powder gun o f  20-mm c a l i b e r  as t h e  a c c e l e r a t i n g  
mechanism. The expe r imen ta l  f a c i l i t y  is  c a p a b l e  o f  shock load ing  rocks and 
m i n e r a l s  t o  peak p r e s s u r e s  i n  t h e  range o f  250-500 kb, depending on t h e  p ro -  
j e c t i l e  and t a r g e t  d e n s i t i e s .  Although t h e s e  p r e s s u r e s  a r e  l e s s  t han  t h o s e  
produced by o t h e r  expe r imen ta l  t echn iques  o r  t h o s e  o c c u r r i n g  du r ing  n a t u r a l  
e v e n t s ,  t h e  i m p o r t a n t  s o l i d  s t a t e  t r a n s f o r m a t i o n s  t h a t  take p l a c e  i n  t h i s  
p r e s s u r e  range can be s t u d i e d  e f f e c t i v e l y  under  c a r e f u l l y  c o n t r o l l e d  condi-  
t i o n s  as i l l u s t r a t e d  by t h e  p r e l i m i n a r y  r e s u l t s  r e p o r t e d  h e r e .  
PRESSURE CALCU LAT I ON 
Upon impact ,  t h e  p r o j e c t i l e  ( d r i v e r  p l a t e )  produces a shock wave i n  
b o t h  t h e  p r o j e c t i l e  and t a r g e t .  With r e g a r d  t o  p r e s s u r e ,  d e n s i t y ,  and 
i n t e r n a l  ene rgy ,  t h e s e  waves are v i r t u a l l y  mathematical  d i s c o n t i n u i t i e s  and 
t r a v e l  through t h e  medium a t  s u p e r s o n i c  v e l o c i t i e s  b a s e d  on t h e i r  normal 
speeds of  sound a t  a tmosphe r i c  c o n d i t i o n s .  The magnitude o f  t h e s e  v e l o c i -  I 
t i e s  and p r e s s u r e s  s u g g e s t  t h a t  t h e  s o l i d s  are i n  a f l u i d  s t a t e ,  
The c l a s s i c a l  laws o f  c o n s e r v a t i o n  o f  mass f l u x  (eq.  ( l ) ) ,  momentum 
(eq. ( 2 ) ) ,  and energy (eq.  ( 3 ) )  a r e  used t o  d e s c r i b e  t h e  r e l a t i o n s  o f  p r e s -  
sure (P) , d e n s i t y  (d)  , shock-wave v e l o c i t y  (Us), p a r t i c l e  v e l o c i t y  (up) ,  and 
i n t e r n a l  energy ( E )  i n  f r o n t  o f  ( 0 )  and immediately beh ind  ( i )  t h e  shock 
f r o n t :  
2 
P i  - Po = do(Usup) 
P t  
- d U u + doUs(Ei - E ) p i u p i  - 7 ( o s )  p 0 
a t e l y  b e f o r c  impact ;  t h e r e f o r e  
( 3 )  
The v e l o c i t i e s  are measured r e l a t i v e  t o  t h e  u n d i s t u r b e d  mater ia l ,  assuming 
one-dimensional  f low.  From e q u a t i o n s  (1) and ( 2 ) ,  one d e r i v e s  t h e  b a s i c  
"equa t ion  of  s t a t e " :  
E i  - V i )  
where t h e  s p e c i f i c  volume v = l / d .  The g r a p h i c a l  p r e s e n t a t i o n  o f  e q u a t i o n  (4)  
i n  t h e  PV p l a n e  i s  c a l l e d  t h e  "Hugoniot curve" o f  a s o l i d .  I f  one knows any 
two of t h e  f i v e  pa rame te r s  
from t h e  above e q u a t i o n s .  S i n c e  it i s  d i f f i c u l t  o r  imposs ib l e  t o  measure 
p r e s s u r e ,  d e n s i t y ,  and i n t e r n a l  energy  d i r e c t l y ,  t h e  most common method o f  
o b t a i n i n g  a s o l u t i o n  f o r  e q u a t i o n s  ( l ) ,  ( 2 ) ,  and (3) is  t o  measure Us and u 
e i t h e r  d i r e c t l y  o r  i n d i r e c t l y .  The p r e s s u r e  P i  i s  t h e n  c a l c u l a t e d  from 
e q u a t i o n  ( 2 ) ,  assuming P .  > >  P : 
P ,  d ,  Us ,  up: and E ,  a l l  o t h e r s  can b e  c a l c u l a t e d  
P '  
1 0 
S ince  t h e  shock waves t r a n s m i t t e d  t o  t h e  t a r g e t  and p r o j e c t i l e  on impact  
must s a t i s f y  t h e  e q u a t i o n s  o f  s t a t e  f o r  bo th  m a t e r i a l s ,  it fo l lows  t h a t  a t  
t h e  i r i n t e r f a c e  
- 
( p r o j e c t i l e )  - pi ( t a r g e t )  
r e f l e c t e d  d r i v e r ’ s  Hugoniot ( a t  1 
V ) and t h e  l i n e  wi th  a s l o p e  o f  
doUs y i e l d s  t h e  ach ieved  p a r t i c l e  
v e l o c i t y  and p r e s s u r e  i n  t h e  mate-  
r i a l  o f  i n t e r e s t .  This  commonly 
used  t e c h n i q u e  was mod i f i ed  f o r  
t h e  p r e s e n t  work, where d i f f e r e n t  
m a t e r i a l s  were used f o r  bo th  p ro -  
j e c t i l e  and t a r g e t ,  b u t  t h e  equa- 4 
t i o n s  o f  s t a t e  f o r  bo th  m a t e r i a l s  
were known. I n  t h i s  s p e c i a l  c a s e ,  
it was n e c e s s a r y  t o  measure o n l y  . 
t h e  impact  v e l o c i t y  o f  t h e  p r o j e c -  
t i l e  and use  t h e  g r a p h i c a l  t e c h -  
n ique  t o  determine  t h e  peak 
p r e s s u r e  a t  t h e  t a r g e t l p r o j e c t i l e  
boundary ( f i g .  2 ) .  
P 
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Figure  2 . -  Graph ica l  impedance match s o l u t i o n  f o r  
de t e rmin ing  t h e  peak p r e s s u r e  i n  t a r g e t  m a t e r i a l  
f o r  which t h e  e q u a t i o n  o f  s t a t e  i s  known. The 
e q u a t i o n  o f  s t a t e  of  t h e  d r i v e r  p l a t e  i s  known 
and on ly  Vp i s  measured. 
EXPE RIblENTAL CONDITIONS 
A .  H .  J o n e s ,  e t  al. ( r e f .  15) have d e s c r i b e d  i n  d e t a i l  p r o j e c t i l e  and 
t a r g e t  dimensions as w e l l  as t h e  c r i t i c a l  a l inement  o f  t h e  t a r g e t  n e c e s s a r y  
t o  ensu re  one-d imens iona l  f low f o r  p r e c i s e  p r e s s u r e  d e t e r m i n a t i o n s  i n  t h e  
t a r g e t  specimen. The  expe r imen ta l  s e t u p  d e s c r i b e d  below was des igned  
acco rd ing  t o  t h e s e  s p e c i f i c a t i o n s .  
Pro j e c t  i l e s  
To d a t e ,  t h e  m a t e r i a l s  used as p r o j e c t i l e s  a r e  F a n s t e e l ,  Aluminum 2024,  
and Lexan. These m a t e r i a l s  have been chosen because o f  t h e i r  e s t a b l i s h e d  
e q u a t i o n s  o f  s t a t e ,  t h e i r  d i f f e r e n t  d e n s i t i e s ,  and t h e i r  m a c h i n a b i l i t y .  
Relevant  p r o j e c t i l e  c h a r a c t e r i s t i c s  a r e  shown i n  t a b l e  1. 
TABLE 1. - PROJECT1 LES 
Source o f  
e q u a t i o n s  of s t a t e  
. .  
I s b e l l ,  e t  a l .  
( r e f .  18) 
T h i e l  ( r e f .  19) 
J o n e s ,  et a1 
( r e f .  15) 
4 
KBr LAYER,  TARGET T a r g e t  
STEEL BACKING 
The m i n e r a l o g i c a l  t a r g e t s  were 
small q u a r t z  d i s k s  o f  10-mm d i a m e t e r  
and 1- t o  2-mm t h i c k n e s s .  The small 
d i s k  was embedded i n  a b lock  o f  p r e s s e d  
potassium bromide (KBr) . Potassium 
bromide powder and t h e  t a r g e t  were 
p r e s s e d  t o g e t h e r  a t  7000 kg/cm2 and 
350' C t o  form a s o l i d  p e l l e t  ( f i g .  3 ) .  
- - The d e n s i t y  o f  t h e  K B r  was 2.64 t o  2 .66 
g/cm3. During t h e  embedding p r o c e s s ,  
t h e  K B r  "flows" around t h e  t a r g e t  d i s k  
and e n s u r e s  a v e r y  t i g h t  f i t .  S a l t s  
- - = - E  =======------I 
Figure 3.- Potassium bromide ( K B r )  pellet enclosing o t h e r  t h a n  K B r  may b e  used ,  depending 
f o r  p o t t i n g  the mineral (quartz) target disk, mounted in the on t h e i r  d e n s i t i e s ,  sample catcher of the shock range. 
d i f f e r e n t  m i n e r a l s .  
The K B r  method s e r v e s  s e v e r a l  pu rposes .  I t  a s s u r e s  t h a t  t h e  whole t a r g e t  
assembly i s  s u b j e c t e d  t o  one-dimensional  f low and reacts  t o  t h e  shock wave as 
a homogeneous medium. The shock wave p a s s e s  through t h e  q u a r t z  d i s k  i n t o  t h e  
K B r  w i t h o u t  r e f l e c t i o n  o r  r a r e f a c t i o n .  The impedances match i d e a l l y .  I n  add i -  
t i o n ,  K B r  s e r v e s  as a "holder"  f o r  t h e  small t a r g e t ,  t h u s  i n c r e a s i n g  t h e  e f f i -  
c i e n c y  o f  sample r e c o v e r y .  The t a r g e t  assembly is  mounted i n  an aluminum 
c o n t a i n e r  ( f i g .  3) hav ing  a 23-mm e n t r a n c e  h o l e  f o r  t h e  p r o j e c t i l e .  The diam- 
e t e r  o f  t h e  e n t r a n c e  h o l e  i s  as small as p o s s i b l e  t o  e n s u r e  maximum sample 
r e t e n t i o n .  The shocked t a r g e t  material  can be  r e c o v e r e d  q u a n t i t a t i v e l y  from 
t h e  c o l l e c t e d  m i x t u r e  o f  K B r  and shocked q u a r t z  by d i s s o l v i n g  t h e  K B r  i n  water .  
T a r g e t  Alinement 
The most c r i t i c a l  p a r t  o f  t h e  experiment  is  t o  e n s u r e  t h a t  a p l a n a r  shock 
wave p a s s e s  th rough  t h e  t a r g e t .  The t a r g e t  s u r f a c e  and t h e  s u r f a c e  o f  t h e  
impact ing p r o j e c t i l e  must be  p a r a l l e l  t o  ensu re  one-dimensional  f low b e h i n d  
t h e  shock f r o n t .  Complicated m i r r o r  sys t ems ,  wedge-shaped t a r g e t s ,  e l e c t r i -  
cal  s h o r t i n g  p i n s ,  and o t h e r  methods are normally used i n  e q u a t i o n - o f - s t a t e  
work t o  measure t h e  shock-wave v e l o c i t y  and t h e  o r i e n t a t i o n  o f  t h e  shock 
f r o n t  d i r e c t l y .  The r ange  a t  Ames was des igned  t o  minimize e x c e s s i v e  t i l t  
by o p t i c a l  and mechanical  a l inemen t  p rocedures  and t o  mon i to r  a c t u a l  p ro -  
j e c t i l e  t i l t  by X-ray shadowgraph t e c h n i q u e s  i n  such a way t h a t  t i l t s  g r e a t e r  
t h a n  1" could be r e c o g n i z e d  and t h e  d a t a  d i s c a r d e d .  Consequent ly ,  t h e  p r e s -  
s u r e s  o b t a i n e d  from t h e  s e l e c t e d  d a t a  may d e v i a t e  as much as +3% from t h e  
e s t a b l i s h e d  Hugoniot c u r v e s ,  b u t  t h e y  are s u f f i c i e n t l y  p r e c i s e  f o r  g e o l o g i c a l  
pu rposes .  I t  s h o u l d  be  n o t e d  t h a t  t h e  e x i s t i n g  e q u a t i o n s  o f  s t a t e  themse lves  
may c o n t a i n  u n c e r t a i n t i e s  and t h e  accuracy o f  t h e  p r e s s u r e  c a l c u l a t i o n s  i n  
t h i s  i n v e s t i g a t i o n  depends on t h e  accu racy  o f  t h e  e s t a b l i s h e d  e q u a t i o n s  o f  
s t a t e .  
I n  o r d e r  t o  e n s u r e  a p l a n a r  shock wave, t h e  p r o j e c t i l e  is  photographed 
i n  f l i g h t  by t h r e e  X-ray f l a s h  u n i t s ,  a r r anged  a t  a n g l e s  o f  60'. A g r i d  
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Ii i 
of  f i d u c i a l  w i r e s  i s  superimposed on t h e  X-ray p i c t u r e  and a misa l inemen t  
of more than  1' is  r e a d i l y  r e c o g n i z a b l e  ( f i g .  4 ) .  I n  a d d i t i o n ,  each s h o t  
r e q u i r e s  t h e  f o l l o w i n g  t a r g e t  a l inemen t  p r o c e d u r e :  A l a s e r  ( o r  c o n v e n t i o n a l  
l i g h t  s o u r c e  wi th  p r e c i s e l y  c e n t e r e d  a p e r t u r e s )  i s  mounted a t  t h e  b reach  end 
X I  
FLIGHT DIRECTION e 
FANSTEEL PROJECTILE ( V i  = 2.1 k m l s e c )  - 2.500"~--  
x 2  x 3  CATCHER 
PI I 4 . 000" 
\ 
( a )  A f a n s t e e l  p r o j e c t i l e  i n  f l i g h t  a s  photographed a t  s e q u e n t i a l  s t a t i o n s .  
___ 
' QUARTZ PLATE 
BEFORE IMPACT UPON IMPACT 
(b) Lexan p r o j e c t i l e s  immediately b e f o r e  and upon impact  a g a i n s t  a q u a r t z  p l a t e  
F igure  4 . -  F l a s h  X-ray shadowgraphs. 
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BLAST CHAMBER 
MM LAUNCH TUBE 
I I. PICTURE NO I 2 PICTURE NO I 1  3 PICTURE NO 111 
I PICTURE NO I STATIONS TO 
I 1  PICTURE NO I 1  1 MONITOR 
I l l  PICTURE NO I l l  PROJECTILE TILT 
Figure  5 . -  Diagram of t h e  shock range  i l l u s t r a t i n g  t h e  l o c a t i o n s  o f  
a l i n i n g  and t r i g g e r i n g  l a s e r s  and t h e  f l a s h  X-ray t u b e s .  
of  t h e  b a r r e l  and i s  
d i r e c t e d  through t h e  who1 e 
r ange  c o a x i a l  wi th  t h e  
p r o j e c t i l e ' s  f l i g h t  p a t h  
( f i g .  5 ) .  The l a s e r  beam 
s t r i k e s  a small m i r r o r ,  
mounted on t h e  t a r g e t  
s u r f a c e  by adhes ion  o f  a 
t h i n  g r e a s e  f i l m .  The 
t a r g e t  i s  t h e n  a d j u s t e d  by 
h o l d i n g  screws u n t i l  t h e  
i n c i d e n t  beam i s  r e f l e c t e d  
back on i t s e l f ,  p roducing  
an a l inemen t  a c c u r a t e  t o  
l e s s  t h a n  1 / 2 " .  The 
m i r r o r  i s  t h e n  c a r e f u l l y  
removed. 
SHOCK RANGE DESCRIPTION 
The b a s i c  p a r t s  of 
Length, Ou t s ide  d i ame te r ,  t h e  shock range  a r e  a b a r -  
cm cm re1 and b l a s t  chamber, a C omp on en t 
Launch tub  e 190 6 . 5  (20  mm ID) 
B 1 a s  t chamber 80 55 
V e l o c i t y  chamber 38 15 
I mp ac  t chamber 55 50 
v e l o c i t y  chamber, and an 
impact  chamber. These a r e  
shown s c h e m a t i c a l l y  i n  
f i g u r e  5 ;  t h e  range  and 
d e t a i l s  a r e  shown i n  f i g -  
u r e s  6 t o  8 ,  and t h e  
dimensions of t h e  gun a r e  
g iven  i n  t h e  t a b l e .  
Figure  6 . -  Photograph o f  t h e  impact shock range  
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Figure  7 . -  Photograph of t h e  impact chamber, looking  uprange from t h e  en t r ance  d o o r ,  
F igure  8 . -  Detail o f  t h e  t a r g e t  ho lde r -ca t che r  system used  i n  t h e  impact shock range 
Loading Cond i t ions  
Af te r  t h e  t a r g e t  i s  p r e c i s e l y  a l i n e d ,  t h e  p r o p e r  powder cha rge  and 
p r o j e c t i l e  are  s e l e c t e d  f o r  t h e  d e s i r e d  peak p r e s s u r e  i n  t h e  t a r g e t .  


















20" CASE. e m p i r i c a l  diagram ( f i g .  9 ) .  "DuPont 4227 POWDER 4 - 
' \ \  I q 4227" o r  "Hercules  Unique" powders are 
' .Po I used a s  p r o p e l l a n t s  and are con ta ined  
- A '  I i n  a s t a n d a r d  20-mm Navy c a s e  (M 103) 
- "UNIQUE" POWDER q I o r  i n  a 300 Weatherby magnum c a r t r i d g e  
- 
7,620" CASE, qt I I 
I I LEXAN LIMIT (7.62-mm d i a m e t e r ) ,  depending on t h e  
hand loaded  d i r e c t l y  i n t o  t h e  b a r r e l  
1 L IMIT and t h e  loaded  c a r t r i d g e s  a r e  p l a c e d  IFAN STE E L 
V v e l o c i t y  d e s i r e d .  The p r o j e c t i l e  i s  . ;,' ;@ ' 
$& 
0 beh ind  i t ,  e i t h e r  d i r e c t l y  by means of 
- 0 A ALUMINUM r i f l e  a c t i o n  w i t h  p r o p e r  a d a p t o r .  The 
\ .,e I" I 2 -  - 
- < 
E 
I I LIMIT 
:o.:,P I I ALU M IN U M 
(3 :$' 1 
20" POWDER GUN 
- . i 
I -  0 PERFORMANCE : a Mann a c t i o n  (20-mm c a l i b e r )  o r  by  a - 00 
0 O 20mm modif ied  commercial 300 Weatherby 
(=2.7grams) 
(= 5 grams) 
(= 10 grams) 
- whole range  i s  t h e n  evacua ted  t o  an 
FANSTEEL 
0 I I __J a i r  p r e s s u r e  o f  1 . 5 - 2 . 0 ~ 1 0 - ~  t o r r .  
~~ 
f20-mm c a l i b e r )  o r  b v  a normal mechan- 
F igure  9 . -  Performance o f  t h e  shock range  gun. 
Ve loc i ty  o f  t h e  p r o j e c t i l e  as a func t ion  of t h e  
r a t i o  p r o j e c t i l e  weight:powder weight  f o r  d i f -  no id  a t t a c h e d  t o  t h e  r i f l e  a c t i o n  
i c a l  f i r i n g  P i n  t r i g g e r e d  w i t h  a s o l e -  
- -  
f e r e n t -  c a r t r i d g e  cases  and powder t y p e s .  (7.62-mm c a l i b e r ) .  
F i r i n g  Sequence 
The e l e c t r i c  f i r i n g  p u l s e  t o  t h e  gun a l s o  i n i t i a t e s  s i m u l t a n e o u s l y  t h r e e  
10-megacycle t i m e - i n t e r v a l  m e t e r s .  The p r o j e c t i l e  i s  launched  and t r a v e l s  
through t h e  b a r r e l .  Immediately a f t e r  l e a v i n g  t h e  muzzle ,  t h e  p r o j e c t i l e  
i n t e r r u p t s  t h e  beam of  a cont inuous  He/Ne l a s e r  focused  on a s i l i c o n  p l a n a r  
p i n  pho tod iode .  The r e s u l t i n g  change i n  v o l t a g e  o u t p u t  o f  t h e  d iode  i s  ampli-  
f i e d  and s t o p s  t h e  f i r s t  c o u n t e r  L 1 .  The r e sponse  t ime of  t h e  e n t i r e  
d e t e c t o r  system i s  less t h a n  1 p s e c .  
The model t h e n  t r a v e l s  th rough t h e  b l a s t  chamber and e n t e r s  t h e  v e l o c i t y  
chamber where i t  i n t e r r u p t s  a second l a s e r  beam. The o u t p u t  change o f  t h e  
cor responding  photodiode  s t o p s  c o u n t e r  L2 and s i m u l t a n e o u s l y  t r i g g e r s  t i m e  
d e l a y  g e n e r a t o r s  f o r  d i s c h a r g i n g  two X-ray f l a s h  t u b e s  and s t a r t s  coun te r s  
X I  and X 2 .  The d e l a y  t ime of  each  i n d i v i d u a l  t u b e  i s  p r e s e l e c t e d  on t h e  
b a s i s  of p r e d i c t e d  v e l o c i t y  so  t h a t  t h e  p r o j e c t i l e  w i l l  b e  p o s i t i o n e d  i n  t h e  
c e n t e r  o f  t h e  f i e l d  of  view o f  each  t u b e .  The d i s c h a r g e  p u l s e s  o f  X-ray t u b e s  
1 and 2 (30-ns d u r a t i o n )  s t o p  c o u n t e r s  X 1  and X 2 .  Two X-ray shadowgraphs o f  
t h e  d r i v e r  p l a t e  a r e  t h u s  o b t a i n e d  wi th  a superimposed g r i d  of  f i d u c i a l  wires 
n e c e s s a r y  t o  de t e rmine  t h e  p r e c i s e  l o c a t i o n  and o r i e n t a t i o n  of  t h e  p r o j e c t i l e  
( s e e  f i g .  4 ) .  The p r o j e c t i l e  t h e n  e n t e r s  t h e  impact  chamber and i n t e r r u p t s  
a t h i r d  l a s e r  beam, s t o p p i n g  c o u n t e r  L 3  and s i m u l t a n e o u s l y  s t a r t i n g  c o u n t e r  
x 3  - 
A t h i r d  X-ray t u b e ,  mounted a t  an a n g l e  o f  60"  r e l a t i v e  t o  t h e  p l a n e  o f  
t ubes  1 and 2 ,  t a k e s  a t h i r d  p i c t u r e  of  t h e  p r o j e c t i l e  immediately b e f o r e  i t  
e n t e r s  t h e  aluminum c a t c h e r  and impacts  t h e  t a r g e t .  Counter  X 3  i s  s topped  
by t h e  d i s c h a r g e  p u l s e  o f  X-ray t u b e  3. From t h e  l a s e r  beam photodiode  
systems and t h e  d i s c h a r g e  p u l s e  of t h e  X-ray t u b e s ,  s i x  time i n t e r v a l s  are 
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measured, each w i t h  an accu racy  o f  20.5 usec. T h i s  co r re sponds  t o  a pe rcen -  
t a g e  accu racy  of t 0 . 5  times t h e  v e l o c i t y  i n  km/sec as determined from t h e  
L1-X3 time i n t e r v a l  and d i s t a n c e .  The co r re spond ing  d i s t a n c e s  are known t o  
a t  l eas t  +1 mm o v e r  a t o t a l  d i s t a n c e  o f  97 cm ( L I - X ~ ) ,  r e p r e s e n t i n g  a 
n e g l i g i b l e  e r r o r  i n  v e l o c i t y  d e t e r m i n a t i o n s .  
Gun Performance 
Experience i n d i c a t e s  t h a t  t h e  maximum v e l o c i t y  o b t a i n a b l e  w i t h  t h i s  
powder gun i s  abou t  3 . 2  km/sec ,  t h e  l i m i t i n g  f a c t o r s  b e i n g  t h e  mass o f  t h e  
p r o j e c t i l e  and t h e  expansion v e l o c i t i e s  o f  t h e  powder g a s e s ,  The maximum 
v e l o c i t i e s  o b t a i n e d  w i t h  t h e  f a c i l i t y  d e s c r i b e d  h e r e i n  are 3.1 km/sec f o r  
s o l i d  Lexan s l u g s ,  2 . 7  km/sec f o r  aluminum, and 2 . 4  km/sec f o r  F a n s t e e l  p r o -  
j e c t i l e s  ( f i g .  9 ) ,  r e f l e c t i n g  t h e  d i f f e r e n t  masses o f  t h e  p r o j e c t i l e s  
( see  t a b l e  1 ) .  
IMPACT METANORPHISM EXPERIMENTS 
Shocked q u a r t z  i s  well  known from t e r r e s t r i a l  m e t e o r i t e  c r a t e r s ,  
s t r u c t u r e s  o f  s u s p e c t e d  impact o r i g i n ,  and n u c l e a r  e x p l o s i o n  c r a t e r s  ( r e f s ,  1 ,  
2 ,  5-7,  10 ,  20-24) .  P e t r o g r a p h i c  and f i e l d  g e o l o g i c  s t u d i e s  have made i t  
p o s s i b l e  t o  r e c o g n i z e  v a r i o u s  s t a g e s  o f  t h e  shock metamorphism o f  q u a r t z .  
The s t a g e s  ( r e f l e c t i n g  i n c r e a s i n g  shock i n t e n s i t i e s )  are (1)  q u a r t z  w i t h  
p l a n a r  e lements  (with v a r i o u s  s u b c l a s s e s )  formed by f r a c t u r i n g ,  s l i p p i n g ,  and 
s h e a r i n g  along d i s c r e t e  l a t t i c e  p l a n e s ,  (2) d i a p l e c t i c  q u a r t z  ( s u b s o l i d u s  
g l a s s )  r e s u l t i n g  from complete d e s t r u c t i o n  o f  t h e  c r y s t a l  l a t t i c e ,  and 
( 3 )  l e c h a t e l i e r i t e  ( l i q u i d u s  g l a s s ) ,  r e s u l t i n g  when shock t e m p e r a t u r e s  (and 
p r e s s u r e s )  a r e  s u f f i c i e n t l y  h igh  t o  cause  f u s i o n .  The p r o g r e s s i v e  change 
from s t a g e  1 t o  2 i s  r e f l e c t e d  i n  t h e  d e c r e a s e  o f  r e f r a c t i v e  i n d i c e s ,  b i r e -  
f r i n g e n c e ,  and d e n s i t y ,  i n d i c a t i n g  a g r a d u a l  breakdwon of  t h e  l a t t i c e .  
Although t h e  s tages  o f  metamorphism o f  q u a r t z  a r e  we l l  documented, t h e r e  
a r e  f e y  d a t a  r e l a t i n g  s p e c i f i c  shock f e a t u r e s  t o  e x a c t  peak p r e s s u r e s .  Data 
o b t a i n e d  from expe r imen t s  w i th  s i n g l e  q u a r t z  c r y s t a l s  p r i o r  t o  this  s t u d y  are 
l i s t e d  i n  t a b l e  2 .  
TAELE 2 





Dens i ty  , 
2.65 
2.64 
2 . 2 2  
2.204 
2 . 2 2  
g/ cm 
-. - 
Re f r a c  t i v  e 
i ndex  
Not measured 
- _ _  - - 
1 . 4 6  
Not measured 
1 . 4 6  
X-ray 
p a t t e r n  
Alpha S i 0 2  
- _ -  ~ 
Broadened 
1 i n e s  
Amo r p  h ou s 
Author ,  d a t e ,  and remarks 
Wacke-rle -(1962, r e f .  25) , 
p l a n a r  shock 
DeCarl i and Jami eson (1959,  
r e f .  2 6 ) ,  p l a n a r  shock 
DeCarl i and Jami eson (1959, 
r e f .  2 6 ) ,  convergent  shock 
Wackerle (1962, r e f .  25), 
p l a n a r  shock 
DeCarl i  and Jamieson (1959, 
r e f .  26 ) ,  p l a n a r  shock 




S i n c e  q u a r t z  i s  one o f  t h e  most common rock-forming m i n e r a l s  and so few 
q u a n t i t a t i v e  s t u d i e s  have been made o f  t h e  shock metamorphism o f  q u a r t z ,  t h e  
f i r s t  experiments  w i t h  t h i s  new range  were conducted wi th  t h i s  m i n e r a l .  
Th i s  s t u d y  h a s  shown t h a t  it i s  v e r y  impor t an t  t o  know t h e  o r i e n t a t i o n  
o f  t h e  p r o p a g a t i n g  wave f r o n t  w i t h  r e g a r d  t o  t h e  c r y s t a l  l a t t i c e  f o r  pu rposes  
of  g e o l o g i c a l  i n t e r p r e t a t i o n .  T h e r e f o r e ,  t h e  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  
of  t h e  t a r g e t  i s  c o n t i n u o u s l y  monitored d u r i n g  f a b r i c a t i o n  of  t h e  small t a r -  
g e t  d i s k  by a Laue P o l a r o i d  X-ray camera. The accu racy  o f  t h e  p l a t e ' s  
o r i e n t a t i o n  i s  *lo. Pla t e s  p a r a l l e l  t o  { O O O l ) ,  {lOiO), and I l O T 1 )  have been  
shock loaded .  The e q u a t i o n - o f - s t a t e  d a t a  o f  Wackerle ( r e f .  2 5 ) ,  Ahrens and 
Gregson ( r e f .  2 7 ) ,  and Fowles ( r e f .  28) were used t o  c a l c u l a t e  t h e  p r e s s u r e s  
i n  t h e  q u a r t z  t a r g e t  ( f i g .  1 0 ) .  However, t h e s e  d a t a  were o b t a i n e d  w i t h  
q u a r t z  p l a t e s  o r i e n t e d  w i t h  r e s p e c t  t o  r e c t a n g u l a r  e n g i n e e r i n g  c o o r d i n a t e s  
x, Y ,  z (x = (21101, Y = { o l i o ) ,  
/ Z = ( 0 0 0 1 ) ) .  In  t h i s  s t u d y  p r e s s u r e s  DATA FROM 
WACKERLE (1962) g e n e r a t e d  i n  t a r g e t s  i n  t h e  {OOOl) 
(1966) c u t  ({OOOl)) e q u a t i o n  of  s t a t e ,  i n t r o -  
d i r e c t i o n  were c a l c u l a t e d  from t h e  Z 
ducing no e r r o r .  P r e s s u r e s  g e n e r a t e d  
i n  {lOiO) and {lOi13 d i r e c t i o n s  were 
W (2110)+(0110) c a l c u l a t e d  us ing  t h e  X c u t  ( ( 2 1 7 0 ) )  
I 5 0  e q u a t i o n  of  s t a t e  and r e p r e s e n t  t h e  
AHRENS AND GREGSON (1964) 
SECOND WAVE 
a 
b e s t  approximations p o s s i b l e .  Precise 
d e t e r m i n a t i o n s  of e r r o r  f o r  t h e  com- 
50 (2 I To) + (01 To) p u t e d  p r e s s u r e s  a r e  no t  p o s s i b l e ,  b u t  
b e s t  e s t i m a t e s  sugges t  t h a t  p r e s s u r e s  
0 .50 I .o I .5 2.0 2.5 c a l c u l a t e d  f o r  {lOTO) d i r e c t i o n s  a r e  
I O 0  FIRST WAVE 
(000 I )  
I I 1 2  
PART I CL E V E LOCI T Y, k m /se c r e a s o n a b l y  a c c u r a t e .  and t h a t  Dressu res  
F igure  1 0 . -  P r e s s u r e  i n  a q u a r t z  t a r g e t  as a c a l c u l a t e d  f o r  t h e  { l o i l }  rnay be  of  
f u n c t i o n  o f  p a r t i c l e  v e l o c i t y  f o r  d i f f e r e n t  
crysta11ogr; iphic  o r i e n t a t i o n s .  t h e  o r d e r  o f  5 p e r c e n t  low. 
t i e s u l t s  o f  t h e  m i n e r a l o g i c  s t u d i e s  of shocked q u a r t z  ( r e f .  29) are  
su1111ii;iri zed h e r e .  The expe r imen t s  a t  p r o g r e s s i v e l y  h i g h e r  p r e s s u r e s  have con- 
f i rmed  t h e  sequence o f  s t a g e s  o f  p r o g r e s s i v e  shock metamorphism recogni  zed by 
p e t r o g r a p h e r s ,  q u a r t z  w i t h  c l e a v a g e  + q u a r t z  w i t h  p l a n a r  f e a t u r e s  + d i a p l e c t i c  
q u a r t z ,  and have p l a c e d  t h e  v a r i o u s  s t a g e s  w i t h i n  t h e  continuiim i n  a p r e s s u r e  
framework. 
Cleavage ( f i g .  l l ( a ) )  as used  h e r e  i n c l u d e s  c l eavage  and f a u l t s  of  
C a r t e r  ( r e f .  2 4 ) .  Cleavages a r e  d e f i n e d  i n  th i s  pape r  a s  t h rough-go ing ,  
broad f e a t u r e s  ( 2 - l o p ) ,  w ide ly  spaced one from a n o t h e r  (2 2 0 ~ )  w i t h  syi : imetr i -  
c a l  e x t i n c t i o n  and symmetr ical  movement o f  t h e  Becke l i n e s  when c l e a v a g e  i s  
o r i e n t e d  p a r a l l e l  t o  t h e  microscope a x i s .  Cleavage i s  produced by shock p r e s -  
s u r e s  as low as 50 kb and deve lops  predominant ly  on c r y s t a l l o g r a p h i c  p l a n e s  
wi th  high r e s o l v e d  s h e a r  s t ress .  Shocks p r o p a g a t i n g  p e r p e n d i c u l a r  t o  { O O O l )  
and {lOiO) produce t h e s e  s t r u c t u r e s  p a r a l l e l  t o  t h e  u n i t  rhombohedron 
( f i g .  12) ; shocks p r o p a g a t i n g  p e r p e n d i c u l a r  t o  { l o i l l  y i e l d  c l eavages  p a r a l l e l  
t o  b a s e  and p r i sm.  T h i s  s u g g e s t s  t h a t  t h e  c l e a v a g e s  r ecogn ized  i n  t h e s e  
experiments  were produced by f a u l t i n g  and a r e  n o t  c l eavages  i n  t h e  s t r i c t e s t  




( a )  Exper imenta l ly  produced c leavage  i n  q u a r t z .  
b 
(b)  Exper imenta l ly  produced p l a n a r  f e a t u r e s  i n  q u a r t z .  
F igure  11 . -  Deformation of s i n g l e  c r y s t a l s  of q u a r t z  by shock waves. 
--_ \> 
\ { IOT I } 
Figure  1 2 . -  Cross s e c t i o n  through a q u a r t z  c r y s t a l  wi th  d i r e c t i o n s  of impact ( t h i c k  arrows) and 
d i r e c t i o n s  of h i g h e s t  shea r  s t r e s s  (dashed a r rows) .  
1 2  
P l a n a r  f e a t u r e s  ( f i g .  l l ( b ) )  i n c l u d e  p l a n a r  f e a t u r e s  and deformation 
l a m e l l a e  of  Carter ( r e f .  2 4 ) .  They are d e f i n e d  h e r e  as v e r y  t h i n  p l a n a r  
s t r u c t u r e s  ( c  Zp) t h a t  are v e r y  c l o s e l y  spaced (2-5p)  and occur  i n  se t s  o f  
f i v e  o r  more-individuals and f r e q u e n t l y  i n  m u l t i p l e  s e t s .  P l a n a r  f e a t u r e s  
develop a t  p r e s s u r e s  above 100 kb and c l u s t e r  p redominan t ly  n e a r  ( 1 0 i 3 1 ,  
r e g a r d l e s s  o f  impact d i r e c t i o n .  A t  p r e s s u r e s  above 160 k b ,  t hey  a r e  a l s o  
s t r o n g l y  developed on {10121, confirming t h e  h y p o t h e s i s  o f  Robertson e t  a l .  
( r e f .  7) t h a t  t h e  c l u s t e r i n g  o f  p l a n a r  f e a t u r e s  around 110131 i n d i c a t e s  
moderate  shock p r e s s u r e s .  P l a n a r  f e a t u r e s  p a r a l l e l  t o  { O O O l } ,  (11221, { l o i l l ,  
111211, (51611, {2131) ,  and C l O I O 1 ,  o r  t h e i r  symmetric e q u i v a l e n t s ,  were a l s o  
observed i n  q u a r t z  shocked t o  p r e s s u r e s  i n  t h e  130-150 kb r a n g e ,  b u t  because 
t h e y  form o n l y  r a r e l y  t h e y  do n o t  appear  s u i t a b l e  f o r  d e s c r i b i n g  t h e  p r o g r e s -  
s i v e  shock metamorphism o f  q u a r t z - b e a r i n g  rocks .  
Although t h e  o r i e n t a t i o n  o f  p l a n a r  f e a t u r e s  is  independent  o f  t h e  
d i r e c t i o n  of p r o p a g a t i o n  o f  t h e  shock wave through t h e  l a t t i c e ,  t h e i r  f re -  
quency o f  development is o r i e n t a t i o n - d e p e n d e n t :  g r a i n s  shocked p e r p e n d i c u l a r  
t o  {OOOl) q u i t e  f r e q u e n t l y  have t h r e e  t o  f o u r  d i f f e r e n t  s e t s  o f  p l a n a r  f e a -  
t u r e s ,  whereas t h o s e  shocked p e r p e n d i c u l a r  t o  (10iO1 and { l o i l l  even a t  
h i g h e r  s t r e s s  l e v e l s  r a r e l y  have a s  many as t h r e e  d i f f e r e n t  s e t s .  I t  appea r s  
t h a t  t h e  fo rma t ion  o f  p l a n a r  f e a t u r e s  i s  p o s s i b l e  o n l y  i n  t h e  p l a s t i c  r e g i o n  
o f  t h e  q u a r t z  l lugoniot e q u a t i o n  of  s t a t e .  They a r e  most l i k e l y  produced by 
p l a s t i c  g l i d i n g ,  b u t  t h e  p r e c i s e  mechanism o f  t h e i r  fo rma t ion  i s  no t  y e t  
known. 
CONCLUDING REMARKS 
The d e s i g n  and o p e r a t i o n  o f  t h i s  20-mm powder gun f a c i l i t y  p r o v i d e s  a 
c a p a b i l i t y  of  shock load ing  rocks and m i n e r a l s  t o  p r e c i s e l y  known p r e s s u r e s  
so  long as  t h e i r  e q u a t i o n s  o f  s t a t e  a r e  known, .4lthough c a l c u l a t e d  shock 
p r e s s u r e s  d e v i a t e  on t h e  o r d e r  o f  15 p e r c e n t  from t h e  e s t a b l i s h e d  Ilugoniot 
c u r v e s ,  t h i s  accuracy i s  s u f f i c i e n t  f o r  g e o l o g i c a l  i n t e r p r e t a t i o n s .  
600 Because o f  t h e  moderate p r o j e c t i l e  
v e l o c i t i e s  t h a t  can b e  ach ieved  wi th  
"CRYSTAL QUARTZ" powder guns , t h e  maximum shock p r e s -  
sures  produced u s i n g  F a n s t e e l  p r o j e c -  
t i l e s  a r e  low compared w i t h  t h o s e  
o b t a i n e d  load g  t e c h n i q u e s  by o t h e r  e x p e r i m e n t a l  and m e t e o r i t e  shock- impact 
200 e v e n t s .  F i g u r e s  13, 1 4 ,  and 15 show 
e s t i m a t e d  peak p r e s s u r e s  i n  t h e  Ames 
f a c i l i t y  a c c o r d i n g  t o  t h e  shock wave 100 , 
p?'::L/ 300 SANDSTONE COCONINO 
\ R E F L E C T E D  
\ FANSTEEL , 
I I \  I I d a t a  o f  T h i e l  ( r e f .  19) i n  v a r i o u s  
0 I 2 3 UP - g e o l o g i c a l  mater ia ls .  Although t h e s e  
km/sec p r e s s u r e s  are n o t  s u f f i c i e n t  t o  shock 
m e l t  rocks and m i n e r a l s , ,  t h e y  produce 
Figure 13.- Estimated maximum peak pressures in 
targets of quartz and sandstone which can be a variety Of reactions 
achieved with the impact shock range. t h a t  are  o f  s p e c i a l  i n t e r e s t  f o r  t h e  
13  
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Figure 14.- Estimated maximum peak pressures 
which can be produced in targets of olivinite, 
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km/sec 
Figure 15.- Estimated maximum peak pressures which 
can be produced in targets of "pyroxene" 
and "feldspar" with the impact shock range. 
u n d e r s t a n d i n g  o f  impact metamorphism. A knowledge o f  t h e  s o l i d - s t a t e  r e a c t i o n s  
i n  t h i s  p r e s s u r e  range would b e  o f  g r e a t  v a l u e  i n  t h e  s t u d y  and i n t e r p r e t a t i o n  
o f  impact c r a t e r s .  
A t  p r e s e n t ,  on ly  few m i n e r a l o g i c a l  d a t a  a r e  a v a i l a b l e  f o r  shocked q u a r t z  
and f e l d s p a r s .  The lack of  c o n t r o l l e d  expe r imen t s  on a v a r i e t y  o f  o t h e r  rock-  
forming m i n e r a l s ,  as wel l  as mono- and h e t e r o m i n e r a l i c  r o c k s ,  q u a n t i t a t i v e  
e v a l u a t i o n  o f  numerous p e t r o g r a p h i c  o b s e r v a t i o n s  o f  m e t e o r i t e s  and o f  r o c k s  
from m e t e o r i t e  c r a t e r s .  Knowledge o f  t h e  p r o c e s s e s  o f  shock metamorphism w i l l  
a i d  i n  t h e  i n t e r p r e t a t i o n  of  t h e  h i s t o r y  o f  r e t u r n e d  l u n a r  samples .  
Ames  Research C e n t e r  
X a t i o n a l  Aeronau t i c s  and Space A d m i n i s t r a t i o n  
F lo f fe t t  F i e l d ,  C a l i f . ,  94035, Nov. 18,  1969 
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